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millisecond,  precipitate  particles  of  similar  size  (500  rf  x 
..  r  1000,TR)  occured,  oriented  in  the  same  direction  in  entanglement 
tot  matrix  dislocations.  The  electron  mi  crodi  ftr-act  1  on  pattern 
indicates  a  distorted  tetragonal  structure,  which  seems  to  be 
Fe  H^,.  The  di+fractin  pattern  ot  the  mat.ri::  shows  a  distorted 
bcc.  A  nitrogen-proton  nuclear  reaction  confirmed  the  presence 
of  hydrogen  in  the  exposed  foil  and  supports  the  predicted 
structur e . 

When  pure  chromium  foil  was  exposed,  streaks  appeared  in  the 
electron  diffraction  pattern,  possibly  related  to  generation  of 
lattice  disolacement  waves. 

Using  a  CCD  video  camera,  a  video  digitizer,  and  a  micro¬ 
computer',  a  device  is  constructed  for  analyzing  electron  dif¬ 
fraction  patterns.  This  system  can  help„the  measurement  time 
to  one  third  when  comptar-ed  with  conventional  manual  methods  and 
produces  results  with  better  accuracy  and  less  operator  fatigue. 
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in  press. 

2.  Body  of  Report 

a .  Statement  of  the  problem  stud i eel 

T  h  e  p  u  r  p  o  s  e  o  f  t  h  i  s  r  e  s  e  a  r  c  h  w  a  s  t  o  o  b  ser-v  e  m  i.  c  r  o  scapic  s  t  r  u  c  t  u  r  a  1 
and  chemical  changes  of  metals  due  to  exposure  to  a  hot ,  dense  gas  of, 
mainly,  argon  containing  hydrogen.  The  emphasis  was  placed  on  the  study 
1  e a d  i  n g  t. o  i .t n d e r s t. a n d  i  n g  of  the  cor-r o s i  o n  a n cl  e r osi  o n  m e c h a n  i  s m ©  when 
metals,  such  as  iron  and  chromium,  are  under  a  hot  ,  dense  gaseous  environ¬ 
ment,  in  particular,  of  hydrogen. 

A  ballistic  compressor  has  been  used  for  obtaining  hot,  dense  gases. 

A  small  metallic  specimen  was  mounted  on  the  piston  head ,  so  that  it  was 
directly  exposed  to  a  hot  dense  gas  in  the  compressor.  I n  order  to  avoid 
specimen  melting,  the  peal  condition  of  the  compression  had  to  be 
accord),  no  1  y  limited,  gt  hough  the  compressor  is  capable  of  producing  gases 
at  more  than  3  ::  10“  Pa  and  6000  K  for  about  a  millisecond. 

The  dynamical  and  chemical  effects  of  the  hot,  dense  gases  on  the 
metal s  ar  e  likely  to  occur  on  or  near  the  surf  ace  of  the  spec i men .  The 
surface  structure  changes  were  identified  by  an  optical  microscope  and 
a  scanning  electron  microscope  (8EM)  (  1  ,  Al  )  .  However-,  when  a  thin  foil  of 

iron  (less  than  1  micrometer  thick)  was  exposed  to  a  mixture  of  argon  and 
hydrogen,  it  was  observed  that  there  were  changes  in  d— spacing©,  typical 
o  f  u  n  i  a  x  i  a  1  1  y  or  d  e  r  e  d  c  r  y  s  t  a  1  s  t  r  u  c:  t  u  r  e .  T  h  e  n  ,  i  t  w  a  s  r  ©  a  lice  cl  t  hat 
more  interesting  results  might  be  obtained  on  mi c restructure  changes  in 
thin  films  (2,3).  Thus,  thin  specimens  were  prepared  by  electrolytic 
thinning,  alternate  cold  rolling  in  air  and  annealing  in  vacuum,  or  evapo¬ 
ration  in  vacuum.  Then  the  effects  of  hot.  dense  gases  were  observed  with 
a  t  r  a  n  s  m  i  s  s  i  a  n  a  1  e  c  t  ron  microscope  ( T  E  M )  t  o  a  h  t  a.  i  n  m  icrog  r  a  p  hi  s  a  n  d 
el  ec.  t.  r  on  diffraction  patterns.  For  the  chemical  effects  an  energy  dia¬ 
pers).  ve  x-ray  spectrometer  (FIDS)  was  used. 

Hydrogen  embrittlement  of  metals  has  been  well  known  for  a  long  time, 
and  remains  an  unsol  ved  problem.  In  the  present  research  a  ballistic: 
compressor  was  used  to  generate  a  hot,  dense  hydrogen  gas  to  which  metals 
were  exposed.  The  peal  condition  of  the  coaipressedcga5  lasts  for  about  a 
mill  i.  second  and  the  cooling  rate  is  very  fast:  (10J  I  /sec:).  During  the 
peal  condition,  metals  mounted  on  the  pic  ton  are  exposed  to  the  high 
density  gas  as  well  as  soft  shock  waves ,  so  that,  they  are  momentarily 
under  a  t  i  (re-dependent  strain  field.  Thus,  exposed  metals  were  subject  to 
highly  non-equilibrium  conditions,  and  any  changes  made  in  the  metals 
under  such  conditions  were  expected  to  be  frozen  due  to  the  high  cooling 
rate  and  could  be  obser  ved  at  room  temperature. 
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This  research  involves  analysis  of  many  electron  di  f fraction 
patterns.  The  conventional  method  of  analyzing  electron  diffraction 
patterns  with  a  micrometer  positioned  microscope  or1  with  divider  and  scale 
is  very  tedious  and  time  consuming,  but  the  accuracy  is  usually  poor.  It 
is  also  a  possible  source  of  human  bias.  Thus,  a  new  electronic  device  was 
constructed  to  improve?  the  method  of  analysis  in  the  sense  of  the  time? 
comsumpti on  and  accuracy  (4,A2). 


b .  Summary  of  most  1  important  resul  ts 

b  .  1  Format  :i  on  of.  i  ron  hydr  1  de  1  n  th  i_n  f  1  1  ms  of.  iron.  (Reference  3 .  ) 

It  is  not  easy  to  observe  hydrogen  in  iron,  probably  because  it 
is  unstable  (5).  In  fact,  to  our  knowledge,  iron  hydride  has  never  been 
observed  at  r  oom  temperature  and  at  one?  atmosphere.  Recently,  however  ,  an 
important  result  was  obtained  in  this  laboratory.  Pure  iron  foils  of  about 
30  mi crometer  thickness  were  exposed  to  a  40%  hydrogen-argon  mixture  at 
the  pea!-:  condition  of  about  470  atmospheres  and  1700  C.  These  samples 
were  then  analyzed  for  hydrogen  concentration  at  room  temperature  using  a 
gamma-emitting  resonant  nuclear  reaction  between  nitrogen  nuclei  and 
protons  (6) .  A  7.5  MeV  beam  was  rastered  over  an  area  of  about 

0.3  cm2.  The  analysis  gave  a  value  of  (1.8  +  0. 7) x 1020  H  atoms/cm3, 
averaged  over  t. he  rastered  are? a.  The?  location  of  H  in  t. tie;  microstructure 
was  determined  by  other  methods ,  e.q.  ,  TEM  as  described  below. 

Iron  foil  (99. 9985%  Fe)  25  micrometer  thick" ,  supplied  by  AESAR, 
was  alternately  cold  rolled  arid  anneal  ed  at  700'”  C  in  vacuum  to  achieve 
thickness  less  than  1  mi crometer .  It  was  exposed  in  the  foal  1 j  st  i  c 
compressor  to  a  mixture  of  Ar  wi  th  16%  H-.,;  (by  volume)  at  1.2  X  1 07"  Pa 
and  1 4  00  C  for  about  a  mi  111  second .  Micrographs  were  taken  with  a 
2 0 0  k  V  s  c  a  n  rung  t  r  a  n  s  m  i  s  s  i  o  n  e  1  e  c  tron  m  i  c  r  o  s  cope  (STEM)  a  t  L  awre  n  c  e 
Berkeley  Labor- at  or  v  (Fig.l).  The  unique  feature  is  the  appearence  of 
a  second  phase  (2,3> .  ft  appears  in  the  form  of  parti  cl es  of  rhombic 
shape  and  all  of  similar  size  of  about  500  3  X  1 000  8 ,  oriented  in  the 
same  direction  in  the  entanglement  of  dislocations.  The  Fig. 2a  shows 
the  electron  microdiffraction  pattern.  With  a  theory,  which  i s  described 
later,  the  spots  are  indexed  as  ill ustr a ted  in  Fi g . 2b .  In  this  figure, 
the  indices  carrying  letter  P  belong  to  the  particle  and  those  with  M  to 
the  matrix  surrounding  the  particle.  It  was  confirmed  by  measurements  on 
a  s e  1  e c t. e d  a r e a  di  f  f  r  a <  t  i  o n  pat  t e r  n  f  r o m  t  h e  a d  j acent  matri  x  t; h a t  t h e 
pattern  of  spots  carrying  M  is  the  same  as  that  obtained  from  the  matrix 
near  the  part,  i  cl  e.  Table  1  and  2  compare-'  the  ex  p  er  ■  j.  mental  and  theoretics 
values  of  the  d-spaci nge  and  angles  for  the  particle  and  the  matrix  (3) . 
The  agreement,  is  excellent,  indicating  that  the  crvstal  structures  of  the 
particle  and  the  matrix  are  respective.!,  y  distorted  tetragonal  and  bcc.  By 
cal  ceil  at  ion  we  determined  that  the  distortion  is  not  due  to  a  tilt,  of  the 
electron  beam  agai  nst  the  pattern  zone  axis.  The  data  in  Table?  2  was 
verified  by  measurements  on  a  selected  area  diffraction  pattern  from  the 
matrix  alone. 

It  is  unlikely  that  particles  such  as  those-'  in  Fig.l  are  caused 
b  y  i  mpur  i  t  i  e  s  b  e  c  a  1 t  s  e  c  h  e  m  i  c::  a  1  a  n  a  1  y  s  i  s  o  f  t  hese  p  a  rticl  e  s  with  a 
windowless  EDS  capable  of  detecting  elements  down  to  atomic  number  6 
showed  that  they  have  the  same  composition  as  the  matrix.  In  addition, 
the  cleanliness  of  the  prepared  sample  has  been  judged  by  its  clean 
electron  diffraction  pattern  (absence  of  extra  spots)  taken  prior-  to 


Table  1 


Angles  and  d-spacings  of  crystallographic  planes  of  the  particle 
(Angles  are?  measured  con  t  er  c  1  oc  kwi  so  from  101  in  Fig. 2a) 


I  ndei: 

Ang  1 

es ( degrees ) 

d  -spac:  l 

n  g  s  ( 8  ) 

Exp. 

Theor . 

Exp. 

Theor . 

10I 

0 

0 

2.  02 

2.01 

002 

48.5 

48.3 

1 . 64 

1 . 66 

To  T 

102-  4 

102.  1 

rn  f>  -T 

O 

2.  17 

200 

143.  3 

142.  8 

1 . 34 

1 . 34 

T  r>  l. 

180.0 

180. 0 

2 .  02 

2,01 

202 

180.  0 

180.0 

0.  99 

1 . 0 1 

1 03 

206. 7 

206.8 

0 . 96 

1 . 00 

002 

228.5 

228 . 3 

1 . 63 

1 .66 

1 0  1 

282. 4 

282.  1 

2.  1.6 

2.  171 

Table  2 

Angles  an d  d - s p a 

cinqs  of 

crystal  1 ogr 

aphic:  planes 

of  the  matr 

surrounding  the 

particle 

(Angles  are 

measured  counters! ockwi 

from  101  of  the 

part l c 1 e 

in  Fig. 2a ) 

I  ndex 

Ang] es (degrees) 

d-spac i 

ngs (8) 

Exp. 

Theor . 

Ex  p. 

Theor . 

1  03 

24 . 0 

24.2 

0.  86 

0 . 86 

002 

4  1 . 0 

4  1 . 3 

1 . 40 

i  .  38 

T  o  i 

87.  7 

86.8 

2 . 20 

2 . 08 

103 

7  0  4  .  O 

204. 2 

0 . 86 

0 .  86 

002 

22)  .  0 

221 . 3 

1 . 42 

1 . 38 

and  chromium.  In  fact,  Myers  and  co-woriers  (8)  observed  this 
occupancy  with  deuterium  atoms  in  alpha-iron.  Thus,  hydrogen  may  adopt 
the  similar  occupancy.  A  self -trapping  site  is  created  at  the  0-site  by 
pushing  two  nearest  neighboring  iron  atoms  away ,  whereby  0-si te  occupation 
is  slightly  stabilized  (9).  The  distortion  around  the  occupied  0--site  is 
strongly  anisotropic:,  causing  elongation  along  one  direction  (c  a:;  is). 

This  elongation  must  be  closely  related  to  the  size  of  the  occupied 
hydrogen  atom,  i.e. ,  the  Fe-H  bond  length  which  is  theoretically 
calculated  by  Chang  to  be  • .79  8  (10). 

Since  most  of  our  efforts  n  a  v  e  been  marie  on  our  ©  iron,  the 
following  discusasion  is  limited  to  the  hydrogen-iron  K el  at i onsh i p . 

Fig. 1 ,  2a  and  b  seem  to  indicate  some  regularity,  so  that  the  inclusion 
of  hydrogen  in  alpha-iron  may  be  considered  tl. rough  a  calculation  using 
anisotropic  elastic  theory  of  Mori  et .  al .  (11).  These  authors  predict 

that  elastic  strain  energy  due  to  periodical  1 y  arranged  nitrogen  atoms 
in  iron  is  minimum  for  the  arrangement  of  nitrogen  atoms  corresponding 
to  Fe^N^.  Considering  the  similar  magnitude  of  the  anisotropy  of 
hydrogen  ““and  ni  tr  eigen  in  transition  metals  (12)  ,  it  may  be  assumed  that 
hydrogen  would  adopt  the  structure  Fe^H^.  The  crystal  structure  is  de¬ 
picted  in  Fig. 3  (13).  Then  the  atomic  percentage  of  hydrogen  is  11.1%  in 

the  particle.  This  percentage  is  also  supported  Py  the  value  of  the 
hydrogen  content  observed  by  the  resonant  nuclear  reaction.  In  order  to 
rri.w  e  i  he  calculated  d-spac  i  r.qs  to  agree  with  experimental  ones  m  'fable  2, 


the  Fe-~H  bond  length  was  chosen  to  be  1.89  8  instead  of  Chang's  value.  For 
the  angles,  the  best  results  were  obtained  if  the  angles  between  axes  b 
and  c .  c  and  a,  and  a  and  b  were  respectively  adjusted  to 

alpha  -  90°,  beta  -■  85.5°,  and  gamma  -  90" 

for  the  particle.  Table  1  shows  excel  lent  agreement  between  the  experi¬ 
mental  and  theoretical  results.  The  matrix  is  also  shown  to  be  contracted 
by  a  strain  0. 036  along  the  c  axis,  so  that  it  is  on  the  compress! on  side 
and  the  par  tic  1 e  is  on  the  tension  side  of  the  distortion. 

S  i  n c e  h y  d  r  o g  e n  a  t  o m s  c a 1 t so  v  o  1  u m e  e *.•:  p  a n  s i  o n  o  f  t  h  o  1  a 1 1  i  c  e  ,  t  h  e y  +1  o w 
from  the  compression  side  to  tension  side  of  stressed  specimen.  Hydrogen 
diffusion  i  s  enhanced  along  dislocations.  I  f  a  dislocation  i.  n  ter  sects  a 
srf  and  phase  par  tide,  hydrogen  atoms  mav  easily  transfer  from  the  matrix 
l  <  >  t  he  particle  when  the  mat  r  :i  x  i  s  on  the  c  omp  r  ess  l  on  side  (  1.4)  .  Thus  , 
hydrogen  atoms  are  more  1  ilely  present  in  the  part  i  1  e .  In  f  ar  t.  ,  the  theo¬ 
retical  value  :n  Tab  1  «  9  are  obtained  for  a  distorted  bcc.  lattice  without 
hydr ogen . 

It  is  clear  from  the  above  d  i  sc.  us  si  on  that,  in  Fig.  2a,  the 
c  a;  i-  of  t  he  1  a  t' t  i  c.  e ,  along  which  hydrogen  atoms  are  trapped  so  that 
it  is  elongated,  is  parpendi  cri.il  ar  t  o  the  rone  axis  L  0 1 0 1 .  This  means 

that  the*  i_  as  i  s  i  ,  alone  the  spew;  i  men  surface.  Then  a  stress  due  to 
the  elongation,  being  along  tlir  sur  fare,  is  easily  transmitted  in  the 
spec  i  men  from  the  par  tic  1  os  to  the  surrounding  mat  r  i  ,  cau.*!  i.w  oon 

correlation  bet  ween  t.  ho  crystal  orientation',  of  the  parti  t:  1  e  and  the 
matrix.  This  is  an  effect  of  boundary  conditions.  Thin,  effect;  would 

differ  if-  the  specimen  l  s  very  thin  and  the  c  -axis  is  perpend  i  cel  ar  ho  'he 
surf  ace.  Tn  this  ruse,  t  he  ”|  onqat  ion  is  not  along  the  spec  i  men  surtac*-' 
and  the  ror  r  ol  at  ion  ,na  a  hardly  be  established  because  of  !  act  of  a.  Ir  .ire 
mi  tied  stress  along  the  sur  f  ace.  Then  the  angular  distortion  of  the 
lattice  i  s  also  exp  *»c  ted  not  to  appear .  An  ex  amp  1  e*  for  this  case  is  gi  ven 
by  F  l  gs.  4  and  5a  and  la,  whi  ch  were  obtained  from  cj>  specimen  prepared  hi  v 
e  vapor  <at  i  on  .  F  i  q  .  A  shows,  appearance  of  particles  of  t  he  name  nice  as 
F  j  g  .  1  .  Fig,  ha  is  a  selected  area  diffraction  pattern  from  i  he  circular 
area  of  F i y . 4 .  The  measurement  of  d— spac  i  ngs  and  angles  on  the  pattern 
s;  iqyest  • ,  that  +he  1  at  f  u  es  of  '  he  particles  and  the  mu.tr  i  ,r  ■  •  1  i  Pel  .  h, 
without  d  i  st.  or  t  l  on .  Put.  it  must  be  noted  t  hat  unless  the  <  axis  2  s  <  1  ong 
the  tppumwi  surface  there  is,  in  genera]  ,  a  possibility  of  over  1  < in!  inn 
t  he  elongation  of  the  c.  axis  in  the  determination  of  t  he>  <  r  /ctal  dr  or.  tar  >  ■ 
from  the  diffract  ion  pattern,  i  nrr-  t  tie  r  axis  i<  along  trie  pjprtf  or,  tic*  cm . 
F  i  q  .  lib  shows  that  +  he  .*  one  axes  ar  e  t  1  121  and  f  02  1  1  ,  respect  i vel y  ,  fin  the 
par  tide  and  trie  mat  r  i  ,  su  that  t  lac*  c  axes  are  a]  mod-  pur  |h’ndnaii  .n  1  o 


patterns  seem  to  satisfy  some  conditions.  Diffraction  spots  belonging  to 
any  rones  appear  near  or  at  the  intersections  of  the  almost  vertical  and 
horizontal  streaks  of  the  [100]  pattern  (see  figures).  In  other  words, 
unless  the  spots  can  be  near  the  intersections,  the  corresponding  zones 
do  not.  appear  in  the  pattern.  Such  pattern  were  observed  so  far  only 
with  chromium  exposed  to  hydrogen. 

I  he  relatiansh'D  between  the  lattice  displacement  waves  and  any 
change  in  properties  of  metal  is  not.  clear.  However,  it  may  be  speculated 
as  follows.  The  nucleus  of  a  hydrogen  atom  is  a  proton,  which  may  be  con¬ 
sidered  a  point  charge,  and  it  creates  a  localized  energy  level  energeti¬ 
cal  1  y  deep  compared  with  the  Fermi  level.  Each  level  is  doubly  degencerat  e 
because  of  electron  spin  and  can  hold  two  electrons,  which  may  be  from 
its  own  aitcm  or  supplied  by  the  conduction  band  of  the  metal,  making  the 
hydrogen  atom  a  negative?  ion.  Then,  hydrogen  behaves  as  a  larger  sized 
particle  in  metals  and  reduces  the  number  of  conduction  electrons  which 
contribute  to  the  metallic  bond,  causing  the  elastic:  properties  to  change. 
The  deep  lying  level  is  characteristic  of  hydrogen  (16).  It  is  well  known 
that  hydrogen  softens  high  purity  iron  at  high  temperatures  (14). 

b . 1  Measurement  of  a  d l f  f  us i on  coef  f i c i ent  of  hydrogen  i n  quart:  at 

high  temperatures  ( A.l_)_ 

As  described  in  Al,  if  hydrogen  atoms  or  molecules  can  be  trapped 
in  a  specimen  with  a  good  stability  when  exposed  to  a  hot,  dense  hydrogen 
gas  in  a  ballistic  compressor,  the  diffusion  coefficient  of  hydrogen 
(atomic  or  molecular)  at  the  peak  temperature  can  be  determined  by  using 
the  resonant  proton-nitrogen  nuclear  reaction.  (Bee  Fig. 4  and  Eg. (7)  of 
Al  and  Reference  6)  .  The  value  of  the-  diffusion  coefficient  of  hydrogen  as 
a  function  of  t  emr-r  atur  e  is  important,  in  understanding  the  behavior  of 
hyc*r  ogen  in  m  a  t  erial  s . 

to . 4 .  An  electron) c  device  f  or  the  anal ysl s  of  electron  d i f  f  r act i on 
patter  n  ( A2 ) 

A  CCD-type  video  camera  incorporating  a  silicon  detector  containing 
51 0  1 i ght-sensi ti ve  cells  horizontally  and  492  light-sensitive  cells 
vertically  and  a  video  digitizer  with  a  spatial  resolution  of  512  x  480 
pixels  and  a  dynamic  range  of  8  bits  per-  pixel  are  used  together  with  a 
micr  ocomputer  to  att v  n  a  desired  accur  acy  of  about  1%  in  determination 
of  d-spacings. 

The  technique  on  noise  reduction  and  image?  contrast  in  vioe?o  image? 
processing  has  been  fully  utilized  in  construction  of  the  software  for 
determining  the  locations  of  electron  diffraction  spots  on  photographic: 
negatives  of  electron  diffraction  patterns. 

The  system  can  help  reduce  the  measurement  time  to  one  third  when 
compared  with  conventional  manual  methods  and  less  operator  fatigue. 
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A  f rue-piston  type  ballistic  compressor  capable  of  producing  gases  at 
temperatures  as  high  as  600  K  and  pressures  as  high  as  1000  atmospheres 
for  about  half  a  millisecond  has  been  used  to  study  effects  on  materials . 
The  affects  of  the  hot,  dense  gases  were  observed  with  a  scanning  electron 
microscope,  an  energy  dispersive  spectrometer ,  and  a  transmission  electron 
microscope .  The  typical  results  are  changes  of  alpha  quartz  to  beta- 
crystobal ite  or  melanophlogite ,  depending  on  impurities,  on  exposure  to 
hot,  dense  argon.  When  stainless  steel  was  exposed  to  the  gas,  the  Cr/f'e 
ratio  changed  by  about  JO %  on  the  exposed  surface.  On  the  other  hand, 
when  iron  was  cxp>oscd  to  a  hot,  dense  hydrogen-argon  mixture,  it  was  sub¬ 
jected  to  changed  in  d  spiacings ,  typical  of  uniaxial  ly  ordered  crystal 
structure . 


I.  INTRODUCTION 

When  materials  are  exposed  to  reactive  gases,  corrosion  or  erosion  occurs. 
If  the  temperature  and  pressure  of  the  gases  change  rapidly  with  time 
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there  may  be  thermal  and  mechanical  stresses  over  the  surface.  If  the 
cooling  rate  is  very  rapid,  structures  which  appeared  at  elevated  temp¬ 
eratures  may  he  retained  at  ambient.  If  hydrogen  molecules  arc  present, 
they  may  easily  diffuse  into  the  materials  and  modify  the  physical 
propert i cs . 

A  ballistic  compressor  is  a  unique  apparatus  to  produce  hot,  dense 
gases.  The  peak  density  can  be  comparable  to  that  of  a  liquid.  It 
allows  observations  'of  chemical  reactions,  which  occur  at  high  temperatures 
and  pressures,  and  microstructure  changes  in  materials  exposed  to  hot, 
dense  gases.  The  exposure  is  very  short,  but  can  be  easily  repeated  on 
the  same  sample  at  the  same  conditions,  and  the  cooling  rate  is  as  fast 
as  about  1 (b,;’C/see . 

When  materials  are  mounted  on  the  piston  of  the  compressor,  they  will 
be  exposed  to  hot,  dense  gases,  and  then  transferred  to  various  testing 
and  examining  apparatus.  The  apparatus  involved  in  this  report  includes 
a  scanning  electron  microscope  (SEM),  an  energy  dispersive  X-ray  spect¬ 
rometer  (EDS),  and  a  transmission  electron  microscope  (TUMI  For 
observation  of  hydrogen  content,  the  nuclear  reaction  analysis  technique 
is  used  Ill.  Since  some  unusual  conditions  of  high  gas  density,  high  gas 
temperature,  and  high  cooling  rate  are  expected  with  a  ballistic  compres¬ 
sor,  some  new  observations  may  be  possible,  though  the  identification  is 
usually  not  easy. 

This  paper  is  intended  to  introduce  recent  results  obtained  with  our 
ballistic  compressor  on  effects  on  materials  exposed  to  hot,  dense  gases, 
Materials  involved  were  quartz,  stainless  steel,  an  amorphous  iron  alloy, 
and  pure  iron.  The  emphasis  of  the  analysis  was  on  changes  in  crystal 
structure,  mierostruetnre,  and  chemical  composition.  The  choice  of 
quart;  has  implications  of  geological  applications  of  a  ballistic 
compressor.  The  type  of  gas  used  is  argon,  since  it  is  a  typical  inert 
gas  which  hardly  reacts  with  materials  under  the  conditions  obtainable 
with  the  present  ballistic  compressor.  About  ten  to  twenty-five  percent 
volume  of  hydrogen  was  added  to  the  argon  to  observe  the  effect  of 
hydrogen  on  materials. 

II.  DESCRIPTION  AND  OPERATION  OF  Tlif  PSU  BALLISTIC  COMPRESSOR 

The  ballistic  compressor  at  Portland  State  University  is  a  modification 
of  the  original  structure,  which  has  already  been  fully  described  else¬ 
where  r 2  1 .  Tlic  following  is  therefore  limited  to  a  brief  description  of 
the  present  device. 


Effects  of  Hot,  Dense  (iases 


1053 


I  I(>.  1  Diagrams  of  PSU  ballistic  compressor  and  the  piston. 


As  shown  in  fig.  1,  the  compressor  consists  of  a  horizontally-mounted 
2.90m  long,  5.72cm  inner  diameter  tube  (A)  attached  on  one  end  to  the 
driving  gas  reservoir  (B)  and  on  the  other  to  the  high  pressure  head  (C) . 
With  a  52.6cm  long,  9.63kg  piston  in  prefiring  position,  the  volume  of  the 
driving  gas  reservoir  is  10.57  liters,  and  the  volume  of  the  test  gas 
chamber  is  7,5  liters.  The  maximum  possible  stroke  is  2.77m. 

The  high  pressure  head  (Fig.  1-b)  is  made  from  ARMCO  17-4  PH  stain¬ 
less  steel  25  cm  in  outside  diameter,  which  is  able  to  withstand  a  gas 
pressure  of  6000  atmospheres.  The  driving  gas  reservoir  (Fig.  1-el 
contains  the  piston  holding  and  release  mechanism.  In  the  prefiring 
position,  the  tail  of  the  piston  is  engaged  in  the  mechanism,  which  opens 
and  pushes  the  piston  slightly  forward  at  firing  by  cranking  the  handle 
ID) . 

The  piston  is  shown  in  Fig.  1-d.  The  piston  head  fF)  has  a  diameter 
of  .05mm  less  than  the  bore  of  the  tube,  and  is  made  from  the  same 
material  as  the  high  pressure  head.  A  short  piece  of  2-mm-diam  steel  rod 
(F),  which  has  a  screwed  clamp  at  one  end  to  hold  a  specimen,  is  attached 
to  the  front  of  the  piston  head. 
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I-IG.  2  Mechanism  for  measuring  the  minimum  volume  of  the  compressed 
gas,  which  is  positioned  at  Fig.  1-b  (G). 

Figure  2  shows  the  mechanism  of  measuring  the  minimum  volume  of  the 
compressed  gas.  It  is  a  lScm  long  sliding  rod  of  2mm  in  diameter  and  is 
mounted  on  the  end  wall  of  the  high  pressure  head  (Fig.  1-b  (G)) .  The 
rod  will  move  when  the  piston  pushes  it  on  one  end.  The  other  end  appears 
outside  the  compressor  and  its  displacement  can  be  measured  from  the 
outside.  The  mcchansm  has  a  good  pressure  seal  and  the  rod  does  not  move 
if  the  force  on  it  is  only  due  to  the  gas  pressure.  It  works  as  follows. 
The  gas  pressure  pushes  the  steel  block  A,  which  in  turn  pushes  three 
steel  blocks  B  surrounding  the  rod.  The  blocks  were  cut  from  a  cone.  The 
three  blocks  sit  on  the  shoulder  C  and  if  B's  are  pushed,  they  slide  along 
the  shoulder  and  push  the  rod,  introducing  a  large  enough  frictional 
force  on  the  rod. 

A  PCB  Piezotronics  Model  105A  pressure  transducer  is  mounted  at  an 
end  of  the  side  wall  of  the  high  pressure  head.  The  output  of  the 
pressure  transducer  is  recorded  on  an  oscilloscope  (Tektronix  RM35A)  with 
a  polaroid  camera.  The  peak  pressure  at  each  firing  can  thus  be  easily 
read  on  the  oscillogram,  but  the  gas  temperature  is  found  by  using  a 
computer  program  as  described  in  detail  elsewhere  [2,3],  The  program  is 
to  solve  the  equation  of  motion  for  the  piston,  ivith  allowance  for  heat 
loss  of  the  test  gas  by  conduction  through  the  compressor  wall  and  gas 
leakage  through  the  piston  gap,  and  with  the  assumption  of  thermal  equi¬ 
librium  in  both  test  and  driving  gases  at  any  time  during  the  compression 
and  expansion  of  the  gas  systems. 

A  simple  examination  of  the  gas  leakage  can  be  mad.e  by  observing  the 
pressure  profile  at  the  instant  of  maximum  radiation  intensity  from  the 
compressed  gas  f4l.  The  leakage  rate  of  the  test  gas  in  the  compressor 
may  be  as  large  as  10  moles/scc  near  the  peak  pressure.  If  the  piston  gap 
is  made  small  in  order  to  reduce  the  leakage,  the  mechanical  friction 
becomes  very  large  and  unpredictable  since  the  driving  force  is  limited, 
thus  destroying  the  reproducibility  of  gas  compression.  If  the  gap  is  as 
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TABU:  1  List  of  symbols  usod  in  Section  XI. 


a:  van  tier  Waal's  "a"  constant,  T-dependcnt 

b:  van  der  Waal's  "b"  constant,  T-dependent 

F:  frictional  force  against  the  piston 

L:  length  of  the  piston 

m:  mass  of  the  piston 

ma :  molecular  weight  of  the  leaking  gas 

n:  the  total  number  of  moles  of  the  compressed  gas 

dn :  number  of  moles  of  the  leaking  gas  in  dt 

nr:  the  total  number  of  moles  of  the  driving  (reservoir)  gas 

P,Pr:  pressure  of  the  compressed,  driving  gas,  respectively 

q:  heat  flow  to  the  compressed  gas  in  dt 

(j :  heat  flow  to  the  leaking  gas  in  dt 

R:  gas  constant 

r0 :  radius  of  the  cylinder  bore 

rp:  radius  of  the  piston 

T:  absolute  temperature 

t:  time 

U, Ur:  internal  energy  of  the  compressed,  driving  gas, 

respectively 

Up:  internal  energy  carried  by  the  leaking  gas  from  the 

compressed  to  the  driving  gas 

Urp:  internal  energy  carried  by  the  leaking  gas  from  the 

driving  to  the  compressed  gas 

V, Vr:  volume  of  the  compressed,  driving  gas,  respectively 

v;  velocity  of  the  piston 

x:  position  of  the  piston  measured  from  the  prefiring 

position 

n:  viscosity  of  the  leaking  gas 

(>:  density  of  the  leaking  gas 


large  as  that  of  the  present  compressor,  the  piston  is  full  floating 
inside  the  horizontal  cylinder  bore.  Thus,  the  force  on  the  piston  due  to 
the  leaking  viscous  gas  is  solely  the  frictional  force  against  the  motion 
of  the  piston.  Then  the  frictional  force  is  given  by 


F  =  ir  (r  -r  )/(p-P  )v2irivlr  /(r  -r  ). 
o  o  p  r  o  o  p 


(1) 


(Symbols  are  explained  in  Table  1.) 

The  piston  gap,  rQ-  r  ,  is  small,  so  that  the  first  term  can  be  neglected 
and  the  frictional  force  becomes  proportional  to  the  velocity  of  the 
piston.  But  the  proportionality  changes  because  the  viscosity  depends 
on  temperature. 

At  the  temperature  attained  in  the  ballistic  compressor,  the  major¬ 
ity  of  gas  molecules  are  in  the  electronic  ground  rtatc.  Therefore,  it 
is  justified  to  use  the  van  der  Waals’  equation  of  state 


1 0  5 1> 
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(P*a/ v':  )  •  (V-h)  =  li-IM 


for  the  gas  systems,  where  constants  a  and  h  depend  on  temperature  T. 

The  equation  of  motion  for  the  piston  is  conveniently  written  in  the 
form  of  an  energy  equation.  For  a  time  interval  dt ,  the  piston  makes  a 
displacement  of  dx.  Then,  the  energy  changes  satisfy 


mvdv  =  iSq+i'q, -dll-dll  -Fdx,  (3) 

where  dU  is  the  internal  energy  change  of  the  test  gas  during  dt  due  to 
a  heat  flow  :,q  into  the  gas,  due  to  the  work  on  the  piston  and  due  to  work 
PVn'^dn  which  causes  dn  moles  of  leaking  gas  to  flow,  and  due  to  gas 
leakage  which  carries  away  a  part  of  the  internal  energy,  dU  .  From  the 
first  law  of  thermodynamics, 

dll  -  'q-PdV-  I'Vn"  ^dn-dU,  (4 ) 


Similarly  for  the  reservoir  gas,  for  which  an  adiabatic  process  can  be 
assumed , 


dt)  =  -P  dV  +!’  V  n  " 1  dn+dll  r-’ 
r  r  r  r  r  r 


(5) 


The  rate  at  which  gas  leaks  through  the  piston  gap  is  governed  by 
the  pressure  difference  between  the  test  and  driving  gases.  It  is  given 
by 


dn 

dt 


•P(m  ) 
« 


- 1 


r ,  f  r  •  r  ) 
o  o  p 


(r  -r  r+vi. 
8nl,  o  p 


«0 


The  gas  leaks  from  the  reservoir  to  the  test  gas  system  at  the  beginning 
of  the  first  stroke,  but  the  direction  is  reversed  in  the  course  of 
compression,  iquation  ((>)  may  be  tested  by  finding  the  time  lag  between 
the  pressure  peak  and  the  light  output  peak  of. the  compressed  gas  | 4 ] . 

The  hear  flow  ‘q  into  the  test  gas  is  obtained  by  solving  the  well- 
known  equation  of  thermal  conduction  applied  to  the  compressor  walls,  by 
assuming  that  the  gas  systems  are  uniformly  at  their  respective  temper¬ 
atures,  and  that  the  heat  flow  at  the  boundary  is  proportional  to  the 
difference  of  the  temperatures  of  the  gas  and  the  inner  surface  of  the 
walls.  The  proportionality  constant  is  adjustable  in  the  computation. 
Another  adjustable  parameter  is  the  piston  gap.  At  each  firing,  the 
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minimum  volume  of  the  test  gas  is  measured  hy  the  mechanism  Fig.  2. 

By  assigning  various  values  to  the  two  adjustable  parameters,  the  computer 
program  is  run  until  the  computed  minimum  volume  and  peak  pressure  agree 
with  observed  ones.  Then,  the  gas  temporal  ere  profile  as  a  function  of 
time  and  the  density  in  the  test  gas  system  arc  found.  Usually  a  few 
trial  runs  on  the  computer  are  good  enough  to  uniquely  determine  the 
thermodynamic  conditions  of  the  gas  systems. 

A  test  of  the  rccuracy  of  the  computed  temperature  was  made  at  the 
melting  point  of  tungsten  [5].  There  was  a  discrepancy  of  about  5%.  The 
program  has  been  used  with  the  Naval  Ordnance  Laboratory  ballistic 
compressor  at  the  University  of  Florida  to  determine  the  equation  of 
state  of  uranium  hexafluorid,  UF&.  The  results  of  measurements  of  van  der 
Waals'  constants  are  accurate  to  about  10%.  The  compressor  is  capable  of 
producing  gases  at  temperatures  of  as  high  as  6000  K  for  about  a  milli¬ 
second.  In  the  present  observations,  however,  it  is  limited  to  about 
2000  K  in  order  to  avoid  losing  samples  by  melting  or  evaporation. 

III.  EXPERIMENTAL  PROCEDURE 

Samples  are  mounted  on  the  piston  head  by  means  of  a  pin  with  a  screwed 
slot  (Fig.  1-d  (F)),  so  that  they  are  directly  exposed  to  the  hot,  dense 
gas  during  firing,  In  order  to  reasonably  maximize  the  effects  of  hot, 
dense  gases,  the  samples  to  be  tested  are  made  small  to  reduce  the  heat 
capacity  and  thin  to  increase  the  relative  contact  area  with  the  gas. 

The  mounting  mechanism  (Fig.  1-d  (F))  seems  to  adequately  reduce  heat 
conduction  without  losing  the  security  of  mounting. 

After  exposure  to  hot,  dense  gases,  samples  were  examined  for  changes 
in  microstructure,  crystal  structure,  and  chemical  composition  under  a 
TEM  (Hitachi  125  kV  or  1.5  MV  TEM  at  Lawrence  Berkeley  Laboratory),  a  SEM 
(ISISS40),  and/or  an  EDS  (EDAX),  Sample  thickness  was  limited  to  about 
0,2pm  for  the  125  kV  TEM,  hut  thicknesses  of  several  un  could  be  studied 
with  the  1 , 5  MV  TEM. 

The  quartz  specimens  studied  were  obtained  from  high-frequency 
crystal  oscillators  (about  50  Me/s)  used  in  communication.  The  thickness 
was  about  0.15  mm.  Tapered  samples  of  quartz  were  produced  hy  breaking 
the  oscillator  crystals  before  mounting  in  the  ballistic  compressor.  Thin 
areas  near  the  fractured  edges  were  sufficiently  thin  for  TEM  study.  On 
the  other  hand,  the  stainless  steel  (Felfi°Crl 2%N i )  used  was  prepared  by 
rolling  to  about  50pm  thickenss  and  annealing  in  a  vacuum  1  hour  at 
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I200°f.  After  this  it  was  thinned  electrolyt ical ly  to  produce  regions 
as  thin  as  0.1  urn  for  TFM  study.  This  material  is  the  same  one  as  used 
by  one  of  the  present  authors  in  investigations  of  the  martensitic  trans¬ 
formation  r h  1 .  The  amorphous  iron  (FcygBj^Sic))  (50|im  thick)  was  supplied 
by  Sony,  Sendai,  Japan.  Iron  (50;im  thick),  which  was  of  MARZ  grade 
supplied  by  Material  Research  Corporation,  was  also  used.  It  was  reduced 
to  about  Inm  thickness  by  alternate  rolling  and  annealing.  The  annealing 
was  done  in  vacuum  at  900°C  for  about  4  hours,  and  at  the  last  stage  of 
rolling  the  sample  was  sandwiched  between  copper  foil.  For  mounting  it  on 
the  piston,  a  folding  molybdenum  grid  was  used  to  hold  the  lum  sample  in 
position . 

The  type  of  gas  used  in  this  report  is  argon,  pure  or  mixed  with  a 
known  amount  of  hydrogen.  The  mixing  was  done  in  the  test  gas  chamber  in 
front  of  the  piston  in  the  firing  position  just  before  firing.  The 
driving  gas  was  always  pure  argon.  Before  the  final  process  of  firing, 
the  ballistic  compressor  was  flushed  three  or  four  times  with  argon  to 
avoid  any  contamination  of  air,  and  in  the  final  process  enough  time  was 
given  for  the  filled  gas  to  reach  room  temperature. 

IV.  RHSUI.TS  AND  DISCUSSION 

Observations  have  been  made  on  quart:,  stainless  steel,  amorphous  iron, 
and  pure  iron  with  our  ballistic  compressor  using  argon  gas,  sometimes 
mixed  with  hydrogen.  Quart:  was  chosen  as  an  example  of  geological 
applications  in  observations  of  effects  on  rocks,  because  quart:  has 
various  modifications  of  crystal  structure,  which  may  change  from  one  to 
another  under  the  thermodynamical  conditions  attainable  with  the  ballistic 
compressor.  Hydrogen  gas  is  added  for  the  purpose  of  observation  of 
hydrogen  behavior  in  metals,  which  might  be  related  to  hydrogen  embrittle¬ 
ment  . 

With  the  aid  of  electron  diffraction  analysis,  the  crystal  structure 
of  the  control  quart;  was  found  to  he  that  of  alpha-quart:  (Fig.  5a).  On 
exposure  to  argon  gas  at  "DO  „t mnsplieres  and  2800  K ,  the  quart:  changed 
to  beta -crystoba 1 i te  (Fig.  5b).  This  change  was  observed  at  places  of  the 
exposed  quart:,  where  the  sample  was  thin  enough  for  electron  diffraction 
analysis  under  a  TFM  (Hitachi  125  V).  Such  locations  were  found  only  at 
tapered  edges  of  the  exposed  crystal. 

Depending  on  impurities,  quart:  has  various  modifications  in  crystal 
structure.  (f  the  impurities  are  (carbon  +  hydrogen  +  sulfur),  the 
modification  has  a  structure  called  ma 1 anophl ogi t e  f "  ! .  When  a  quart: 
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crystal,  whose  control  was  again  alpha-quart:,  was  exposed  to  a  hot,  dense 
argon  (h30  atmospheres  2200  K) ,  it  turned  to  a  melanophlogite  structure 
fig.  Sc,  taken  by  a  1.5  MV  Berkeley  THM) .  The  impurities  for  the 
change  of  the  crystal  structure  may  be  associated  with  the  oil  used  in 
the  vacuum  pump  attached  to  our  ballistic  compressor.  Melanophlogite  is 
known  to  be  unstable  at  high  temperatures  of  around  I000°0  and  above,  and 
breaks  down  invariably  to  Cristobal ite  after  a  few  days  at  this  temp¬ 
erature.  Therefore,  if  the  argon  gas  temperature  was  higher  in  our 
observation,  the  end  product  may  have  been  beta-ci istoba 1 ite. 

If  hydrogen  is  mixed  with  argon  in  the  ballistic  compressor,  we  may 
observe  diffusion  of  hydrogen  in  a  sample  used  if  it  is  trapped.  A  quart: 
crystal  was  exposed  to  argon  mixed  with  l.V!,  of  hydrogen  by  volume.  The 
peak  conditions  of  the  gas  compression  were  510  atmospheres  and  2000  K, 

The  quart:  exposed  to  this  gas  was  observed  for  hydrogen  concentration 
as  a  function  of  depth  by  means  of  the  nuclear  reaction  analysis  tech¬ 
nique  frig.  1).  This  figure  hows  a  near  surface  hydrogen  concent  rat  ion 
corresponding  to  S i OH  with  a  typical  diffusion  profile, 
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Depth  (micrometers) 

I  lii.  I  Hydrogen  diffusion  in  quartz  during  exposure  to  a ruon- hydrogen 
mixture  at  510  atmospheres  .1  nd  0000  V, .  Black  circles  correspond  to 
experimental  observations,  open  circles  are  calculated  by  using  Eg.  (7). 


where  x  is  the  depth  from  the  quart:  surface,  !’  the  diffusion  coefficient 

which  is  assumed  to  he  a  constant,  and  t  is  a  typical  time  for  diffusion. 

In  order  for  the  concentration  to  behave  as  in  fig.  1 ,  hydrogen  must  be 

frozen  in  the  quartz  in  typical  time  t,  and  the  frozen  state  is  stable  at 

temperatures  lower  than  the  temperature  at  t.  Therefore,  we  may  have  a 

model  for  the  hydrogen  behavior  as  follows.  Hydrogen  diffuses  into  quart:, 

more  or  less  freely  during  exposure  to  the  hot,  dense  gas,  in  the  form  of 

II,  and  is  trapped  on  cooling  as  SiOII,  the  concentration  of  which  is  nearly 

proportional  to  hydrogen  concentration  Cmore  exactly  with  Langmuir’s 

isotherm  dependenctl  and  which  is  stable  at  lower  temperatures,  lint  rapped 

hydrogen  will  diffuse  out  as  time  goes  on.  From  Fig.  4,  if  we  choose  t 

-K 

as  about  1  millisecond,  then  D  =  10  x  10  cm"/sce.  This  value  of  the 

-  8  ** 

diffusion  coefficient  is  comparable  to  that  of  10  x  10*  cm'/sec  for 
molecular  H7  in  a  fused  silica  at  1000°C  Th], 

An  interesting  observation  with  quart:  exposed  to  a  hot,  dense 
hydrogen -argon  mixture  is  that  it  initially  glowed  an  orange  color  on 
bombardment  with  h.S  Mev  nitrogen  ions,  but  with  increasing  time  of 
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I- ii>.  5  Tnstabi  1  itu  of  microstructurc  and  crystal  structure:  of  iron  exposed 
to  argon- hud rogen  mixture-  jc  233  atmospheres  and  1800  K.  (a)  and  (b) 
Electron  micrograph  and  electron  diffraction  pattern,  respectively , 
immediately  after  exposure,  (c)  and  id)  After  exposure  to  a  . OSA/cm? 
electron  beam  in  the  12 5  kv  TEN  for  7  minutes,  (e)  and  (f)  One  hour  after 
the  electron  beam  was  turned  off. 

bombardment ,  it  began  to  turn  the  more  typical  blue  color  of  quart:.  The 
ion  beam  might  hare  released  the  trapped  hydrogen 

On  the  other  hand,  hydrogen  is  known  not  to  be  trapped  with  a  good 
stability  in  iron  or  its  alloys.  An  amorphous  iron  (Fo^H ^ „Si is 
another  example,  fur  which  hydrogen  solubility  is  small,  and  did  not  show 
any  interesting  nuclear  reaction  analysis  results,  but  it  seems  to  chem¬ 
ical  !>•  react  with  hydrogen  at  higher  temperatures  and  pressures.  Hydrogen 
diffuses  into  the  sample  and  may  form  gaseous  compounds  with  boron  and 
silicon  o  I  the  alloy  (;>]  ,  thus  destroying  the  material.  In  fact,  the  mate¬ 
rial  was  more  easily  lost  (.possibly  vaporised  completely)  in  the  ballistic 
compressor  if  the  gas  contains  hydrogen. 

figure  a  illustrates  the  instability  of  mi  c  rust  nature  and  crvst  il 
structure  of  iron  exposed  to  hydrogen-argon  mixture.  figures  5a  and  b  are 
an  electron  micrograph  and  an  electron  diffraction  pattern  of  iron  sample 
immediately  after  exposure  to  a  hot,  dense  _MT  mixture  at  _135  atmospheres 
and  1SOO  k.  They  changed  to  those  shown  by  figs,  5c  and  d  after  this 
sample  was  exposed  to  the  electron  beam  (current  density  .(iSA/cmM  in  the 
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Fit!,  6  (a)  Electron  micrograph  of  lum  thick  iron  foil  exposed  to  argon- 

hydrogen  mixture  at  172  atmospheres  and  1800  K,  (b)  Electron  diffraction 
pattern  at  the  circled  area  of  (a),  (c)  Electron  micrograph  of  the 
control ,  (d)  Electron  diffraction  pattern  at  the  circled  area  of  (c) . 


It  is  not  1 ikclv  that  a  high  energy  electron  microscope  may  damage  an 
unstable  iron  sample  with  hydrogen.  This  illustrated  in  Figs,  oa  and  b, 
which  were  taken  by  using  the  1.5  MV  Berkeley  THM.  The  sample  is  a  rolled 
and  annealed  iron  foil  iabout  1  nm  thick)  in  a  folded  molybdenum  grid. 
First  it  was  exposed  to  a  19“  hydrogen -argon  at  50  atmospheres  and  1500  k. 
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A  visual  observation  showed  no  change.  Next  it  was  exposed  to  a  241  mix¬ 
ture  at  172  atmospheres  and  1800  K.  The  diffraction  analysis  shows  a 
lattice  distortion  as  shown  in  Table  2.  The  change  in  the  d-spacing  qual¬ 
itatively  agrees  with  Wallace's  result  [10].  The  large  change  in  d-spacing 
for  plane  {.310 J  suggests  from  Wallace's  result  that  (110)  and  (220)  may 
also  be  associated  witli  large  strain.  Such  low  symmetry  of  distortion  is 
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TAHLI  2  l.atti strain  '/d  obtained  from  Fig.  7. 
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related  to  :c  uniaxial ly  ordered  crystal  structure.  figure  uc  is  an  elec¬ 
tron  micrograph  of  the  control  iron.  The  origin  of  the  striatums  in  the 
figure  is  not  known. 

Compared  to  hydrogen  behavior,  argon  seems  to  behave  much  more  simply, 
figure  7  shows  x-ray  diffraction  patterns  of  amorphous  iron,  figure  7b 
shows  the  pattern  of  the  material  exposed  to  argon  at  315  atmospheres  and 
2000  k,  while  fig.  7a  corresponds  to  that  heated  in  argon  at  1  atmosphere 
and  SHiO  k.  The  difference  in  the  diffraction  angle  (2d)  of  diffraction 
peaks  indicate  the  difference  in  the  lattice  parameters  by  about  1"». 

Argon  seems  to  diffuse  into  the  material  to  expand  the  crystal,  hut  the 
details  are  not  clear. 


a  Fe  (110) 


i  Hi.  7  X  rail  diffraction  patterns  of  amorphous  iron  alloy.  (a)  Heated 
in  avqnn,  (b)  Exposed  to  argon  in  the  ballistic  compressor . 
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FIG.  8  Electron  diffraction  patterns  and  micrograph  of  stainless  steel 
exposed  to  arqon  at  100  atmospheres  and  lflOO  K.  (a)  and  (1>)  Diffraction 
patterns  from  n, articles  at  the  corresponding  symbols,  <j  and  h,  in 
micrograph  ( c ) . 
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Not  only  are  there  changes  in  the  lattice  parameter,  but  also  the 
concentration  ratio  of  elements  in  alloys  seems  to  change  by  exposure  to 
hot,  dense  argon.  The  weight  fractions  of  stainless  steel  (Fel8Crl2Ni) 
are  respectively  about  0.65,  0.25  and  0.11  after  exposure  to  argon  (300 
atmospheres  and  1800  K)  compared  to  those  of  0.70,  0.17  and  0.13  before 
exposure.  The  ratio  Cr/Fe  changes  by  30%.  The  resulting  microstructure 
and  electron  diffraction  patterns  from  two  individual  particles  in  the 
microstructure  are  shown  in  Fig.  8,  These  particles  have  different 
morphology  and  different  crystal  structure  than  martensite  formed  in  the 
normal  Fel8Crl2Ni  alloy  by  cooling  to  liquid  nitrogen  temperature  T6l. 

The  indexing  shown  in  the  patterns  is  consistent  with  the  chi  phase  in 
chromium  nickel  steel  which  has  body-centered  cubic  structure  with  lattice 
parameter  8.59A  fill. 
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Using  a  video  camera,  a  video  digitizer,  and  a  microcomputer,  an  image  processing  system  is 
assembled  to  determine  the  locations  of  electron  diffraction  spots  on  photographic  negatives  of 
electron  diffraction  patterns.  This  system  can  help  to  reduce  the  measurement  time  to  one  third 
when  compared  with  conventional  manual  methods  and  produces  results  with  better  accuracy 
and  less  operator  fatigue. 


INTRODUCTION 

Much  work  has  been  done  on  various  image  processing  de¬ 
vices,  and  the  technique  on  noise  reduction  and  image  con¬ 
trast  has  been  well  developed.1-6  This  paper  reports  the  con¬ 
struction  of  a  new  device  that  can  make  the  analysis  of 
electron  diffraction  patterns  easier  and  more  accurate.  The 
conventional  method  of  analyzing  electron  diffraction  pat¬ 
terns  with  a  micrometer  positioned  microscope  or  with  di¬ 
vider  and  scale  is  very  tedious  and  time  consuming.  It  is  also 
a  possible  source  of  human  bias.  Yet  it  provides  poor  preci¬ 
sion.  In  general,  x-ray  diffraction  equipment  gives  more  pre¬ 
cise  crystallographic  data  than  electron  diffraction  equip¬ 
ment.  However,  the  equipment  requires  a  large  sample  size 
since  the  x-ray  beam  cannot  be  made  very  small.  Our  studies 
involve  small  precipitates  whose  linear  size  is  of  the  order  of 
1000  A.  Electron  diffraction  equipment  allows  us  to  locate  a 
precipitate  and  then  collect  an  electron  diffraction  pattern 
from  the  precipitate. 

I.  DETAILS  OF  CONSTRUCTION 

In  order  to  measure  electron  diffraction  patterns  with 
this  system  we  need  to  recognize  the  diffraction  spots  as  re¬ 
gions  of  maximum  photographic  density  on  the  film  negative 
of  the  electron  diffraction  pattern.  We  collect  a  video  image 
of  the  electron  diffraction  film  negative  using  an  RS-170 
standard  video  camera7  and  a  light  table.  The  RS  170  video 
standard  defines  the  format  in  which  (he  information  mak¬ 
ing  up  video  images  are  transmitted  to  the  video  display  de¬ 
vice  such  as  a  video  monitor.  The  video  monitor  is  simply  a 
phosphor  screen  which  is  scanned  by  an  electron  beam.  The 
electron  beam  current  determines  the  displayed  image 
brightness.  The  video  camera  is  essentially  the  reverse  of  the 
monitor  where  the  phosphor  screen  is  replaced  by  a  light- 
sensitive  screen  and  an  electron  beam  scans  the  light-sensi¬ 
tive  screen  The  electron  beam  current  in  the  camera  is  de¬ 
pendent  on  the  point-to-point  intensity  of  a  focused  optical 
image  on  the  light-sensitive  screen.  Essentially  the  RS-170 


format  specifies  a  complete  image  to  be  made  up  of  two 
groups  of  240  horizontal  scan  lines  interlaced  with  each  oth¬ 
er  and  each  group  of  240  scan  lines  to  be  completed  in-J^  s. 
So  one  complete  video  image  (or  frame)  of  480  scan  lines  is 
displayed  on  a  video  monitor  or  collected  by  a  video  camera 
in'Qi  s.  The  RS-170  video  signal  produced  by  the  camera  is 
an  analog  electrical  signal  whose  amplitude  determines  the 
electron  beam  current  in  the  video  monitor.  The  RS- 170  vid¬ 
eo  signal  also  contains  some  important  syncronizing  pulses 
to  allow  housekeeping  tasks  such  as  electron  beam  blanking 
and  retrace.  We  sample  the  amplitude  of  the  RS-170  video 
signal  and  convert  it  to  digital  form  by  a  high-speed  8  -bit 
analog-to-digital  converter  as  it  comes  from  the  camera  and 
wntc  the  digital  information  to  an  array  of  random  access 
memory  called  the  frame  memory.  We  can  sample  and  digi¬ 
tize  the  RS- 1 70  video  signal  either  continuously  frame  after 
frame  with  continuous  rewriting  of  the  digital  information  to 
the  frame  memory,  or  we  can  sample,  digitize,  and  write  one 
video  frame  of  480  horizontal  scan  lines  to  the  frame  mem¬ 
ory,  and  then  stop  further  sampling,  digitizing,  and  writing 
to  the  frame  memory  until  more  data  are  desired.  The  sam¬ 
ple  and  digitizing  rate  is  512  times  per  horizontal  scan  line. 
The  frame  memory  is  organized  as  a  two-dimensional  array 
of  memory  cells  w'ith  each  cell  containing  the  digital  value 
written  to  it  as  the  RS-170  video  signal  was  sampled  and 
digitized.  The  digital  values  contained  in  the  frame  memory 
are  positive  integers  and  are  commonly  called  “pixels”  or 
Picture  ELements,  The  frame  memory  is  large  enough  to 
store  one  comple.e  video  fame  as  5 12  pixels  horizontally  by 
480  pixels  vertically.  The  pixels  are  continuously  read  from 
the  frame  memory  to  a  digital-to-3nalog  converter  and  after 
the  necessary  syncronizing  pulses  are  added  to  meet  the  re¬ 
quirements  of  the  R.b-170  format  the  contents  of  the  frame 
memory  are  displayed  on  the  video  monitor.  The  frame 
memory  can  be  read  from  or  w  ritten  to  by  a  microcomputer, 
and  thus  image  processing  operations  can  be  performed  on 
the  image.  A  bio  V.  diagram  of  our  system  is  given  in  Fig  1 
We  prefer  to  work  with  a  positive  image  displayed  on 
the  video  monitor  rather  than  the  neganve  film  image  be- 


cause  with  a  positive  image  the  electron  diffraction  spots  can  then  transferred  to  the  frame  memory.  In  cur  testing  we 
then  be  recognized  as  groups  of  pixels  whose  values  are  found  that  vidicon  tube  cameras  generate  greater  image 


greater  than  the  background  pixels.  Since  we  can  read  from 
and  write  to  any  of  the  frame  memory  locations  with  the 
microcomputer,  we  can  invert  the  complete  image  by  logi¬ 
cally  inverting  ( 1 000  1 101  binary  is  changed  to  01 1 1  0010 
binary )  every  pixel  in  the  frame  memory.  The  inversion  pro¬ 
cess  results  in  the  frame  memory  being  filled  with  positive 
digital  representation  of  the  electron  diffraction  pattern  and 
a  positive  image  of  the  electron  diffraction  film  negative  dis¬ 
played  on  a  video  monitor.  The  electron  diffraction  spots  are 
now  represented  as  groups  of  pixels  whose  digital  values  are 
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f-IG.  I.  Block  diagram  of  image  processing  system 

greater  than  the  surrounding  pixels.  Since  we  can  read  from 
the  frame  memory  with  the  microcomputer,  we  can  search 
the  frame  memory  for  the  greatest  value  pixels  As  we  per¬ 
form  this  search  we  know  the  location  in  the  frame  memory 
of  each  pixel  we  are  examining.  If  we  convert  the  frame 
memory  locations  of  the  greatest  value  pixels  to  real  loca¬ 
tions  on  the  negative,  then  we  will  have  determined  the  loca¬ 
tions  of  the  electron  diffraction  spots  and  "measured”  the 
electron  diffraction  pattern. 

The  video  camera  used  to  col'ect  the  electron  diffraction 
image  should  produce  an  image  as  noise  free  as  possible  since 
after  sampling  and  digitization,  any  noise  peaks  in  the  frame 
memory  will  be  interpreted  as  false  electron  diffraction 
spots.  The  main  source  of  noise  is  the  photosensitive  element 
of  the  video  camera  where  thermal  noise  is  generated.  Since 
the  thermal  noise  is  random  we  can  reduce  this  noise  by 
averaging  many  images  which  differ  only  in  random  noise. 
By  averaging  images  we  mean  adding  together  the  digital 
values  at  each  p$$rl  location  for  all  images  then  dividing  ev¬ 
ery  pixel  value  in  the  resultant  image  by  the  number  of  im¬ 
ages  summed.  The  summing  of  images  is  a  process  carried 
out  by  the  microcomputer.  The  resulting  average  image  is 


noise  than  charge-coupled  device  (CCD)  video  cameras. 
We  will  discuss  the  differences  in  video  camera  performance 
later. 

To  make  accurate  measurements  of  the  image,  we  must 
correct  for  the  rectilinear  distortion  introduced  by  the  video 
camera  and  lens  system.  We  correct  for  rectilinear  distortion 
and  make  the  conversion  from  frame  memory  pixel  coordi¬ 
nates  to  real-space  coordinates  by  comparing  the  digitized 
electron  diffraction  film  negative  image  with  the  digitized 
image  of  a  specially  made  calibration  standard.  The  calibra¬ 
tion  standard  is  an  accurately  formed  square  array  of  dots 
located  0.500  cm  apart  on  a  plane  surface  slightly  larger  than 
the  electron  diffraction  film  negatives  we  wish  to  process.  A 
table  of  dala-correiating  frame  memory  pixel  corrdinatcs 
with  the  real-space  coordinates  as  defined  by  the  calibration 
standard  is  created  each  time  the  camera  position  or  lenses 
are  changed  and  we  are  then  able  to  refer  to  this  table  of  data 
when  we  wish  to  convert  frame  memory  pixel  coordinates  to 
real-space  coordinates.  Two-dimensional  linear  interpola¬ 
tion  is  performed  when  the  frame  memory  pixel  coordinates 
we  wish  to  convert  to  real-space  coordinates  are  not  found 
directly  in  the  table.  The  microcomputer  is  programmed  to 
do  the  messy  work  of  creating  the  table  of  data  from  the 
calibration  standard  image  and  the  conversion  of  the  frame 
memory  pixel  coordinates  to  real-space  coordinates. 

We  determine  the  frame  memory  pixel  coordinates  of  an 
electron  diffraction  spot  by  first  defining,  by  means  of  an 
operator-positionable  cursor,  an  area  within  the  displayed 
image  which  contains  a  single  electron  diffraction  spot  of 
interest.  Denning  an  area  within  the  image  serves  five  pur¬ 
poses:  ( 1 )  The  operator  is  able  to  measure  only  those  spots  of 
interest.  (2)  The  defined  area  contains  only  one  electron 
diffraction  spot,  so  there  will  be  only  one  group  of  pixels  in 
the  defined  area  which  are  greater  than  all  others  within  the 
defined  area.  (3)  Defining  an  area  within  the  displayed  im¬ 
age  specifies  the  portion  of  the  frame  memory  that  contains 
the  digital  data  for  the  defined  area.  (4)  If  the  area  defined  is 
made  as  small  as  possible,  processing  time  will  be  reduced. 

( 5)  The  defined  area  helps  the  operator  keep  track  of  which 
electron  diffraction  spots  have  been  processed. 

After  defining  an  area  containing  one  electron  diffrac¬ 
tion  spot  we  apply  a  low-pass  spatial  filter  to  the  defined  area 
to  "smooth”  the  portion  of  the  image  within  the  defined 
area.  This  low-pass  spatial  filter  process  is  essentially  a  two- 
dimensional  moving  average.  The  low-pass  spatial  filter  will 
tend  to  remove  isolated  single-pixel  peak  values  from  the 
defined  area  by  averaging  groups  of  nine  pixels  to  find  the 
average  pixel  value  for  each  group.  We  use  a  group  size  of 
nine  pixels  (the  pixel  to  be  processed  and  its  eight  nearest 
neighbors)  with  every  pixel  in  the  group  equally  weighted. 
The  low-pass  spatial  filter  is  a  software  process  implemented 
by  the  microcomputer  and  applied  to  all  the  pixels  wuhin  the 
operator-defined  area.  The  low-pass  spatial  filter  will  re- 


move  some  of  the  random  noise  generated  by  the  video  cam¬ 
era,  but  we  choose  to  perform  the  image  averaging  and  seal 
ing  of  the  whole  image,  saving  the  low-pass  spatial  filter  step 
for  the  operator-defined  areas,  since  the  low-pass  spatial  fil¬ 
ter  is  a  computationally  intense  process  and  is  comparatively 
slow  when  applied  to  large  image  areas.  Following  the  low- 
pass  filtering,  the  microcomputer  examines  the  digital  values 
of  all  the  pixels  within  the  defined  region  of  frame  memory 
for  the  maximum  value  pixels  and  then  averages  the  frame 
memory  coordinates  of  these  maximum  value  pixels  to  find  a 
single  pair  of  frame  memory  coordinates  that  most  probably 
describe  the  location  of  the  electron  diffraction  spot.  Next 
the  microcomputer  performs  the  frame  memory  pixel  coor¬ 
dinate  to  real-space  coordinate  conversion  and  allows  the 
operator  to  write  the  data  to  a  disk  file  for  storage  and  later 
processing. 

II.  EXPERIMENTAL  RESULTS 

We  chose  a  typical  electron  diffraction  film  negative  and 
measured  it  repeatedly  with  our  system  using  both  a  vidicon 

Table  I.  Uncertainty  in  results  obtained  after  summing  various  numbers  of 
images. 


Uncertainty 

(cm) 


images - 

summed  CCD  Tube 

I  0016  0053 

4  0011  0  049 

16  0  009  0.026 

64  0.016  0  040 

125  0012  0.040 


tube  video  camera  and  a  CCD  video  camera.  Using  our  tube 
video  camera  we  were  able  to  take  spatial  measurements  of 
the  electron  diffraction  spots  containing  an  uncertainty  of 
±  0.0052  times  the  image  width  with  99%  confidence  limits 
(after  summing  16  images  to  reduce  random  noise).  The 
CCD  video  camera  allows  us  to  take  the  same  measurements 
but  with  an  uncertainty  of  +  0.0018  times  the  image  width 
with  99%  confidence  limits  (after  summing  16  images  to 
reduce  random  noise).  The  CCD  video  camera  produces 
results  with  an  uncertainty  near  one  third  that  of  the  tube 
video  camera  (after  summing  16  images  for  both  cameras) 
when  tested  using  the  same  procedure.  Table  I  contains  the 
uncertainties  for  both  cameras  when  different  numbers  of 
images  are  summed  to  reduce  the  random  noise  and  Fig.  2  is 
a  plot  of  this  data.  The  following  procedure  was  used  to  de¬ 
termine  the  listed  uncertainty  Take  row  three  of  Table  1  as 
an  example:  Five  different  images  of  the  same  diffraction 
pattern  were  compiled,  each  of  the  five  images  being  the 
average  of  16  previously  collected  images  which  differed 


only  in  random  noise  content.  For  each  of  the  five  compiled 
images,  15  distances  were  measured  using  this  system  and 
the  standard  deviation  for  each  distance  calculated.  The 
standard  deviation  is  corrected  for  the  small  sample  size  of 
five  by  use  of  the  “Student’s  t"  for  99%  confidence  limits, 
thus  giving  the  15  measurements  with  their  uncertainties  at 
the  99%  confidence  limit.  The  uncertainties  for  the  15  mea¬ 
surements  are  then  averaged  and  listed  under  the  appropri¬ 
ate  heading  for  the  camera  type  ( 16  images  summed,  uncer¬ 
tainty  of 0.009  cm  for  the  CCD  camera,  uncertainty  of  0.026 
cm  for  the  tube  camera).  It  is  interesting  to  note  that  with 
increasing  quantities  of  images  averaged  to  form  the  com¬ 
piled  image  the  uncertainty  decreases  and  reaches  a  mini- 
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Fig.  2.  Plot  of  diu  contained  in  Table  1. 

mum  at  near  16  images  but  is  then  found  to  increase  again. 
This  increase  in  the  uncertainty  is  thought  to  be  due  to  cam¬ 
era  vibration. 

Figure  3  is  an  electron  diffraction  pattern  of  BCC  iron 
and  Table  II  is  3  compilation  of  the  data  output  from  this 
system  after  processing  this  electron  diffraction  pattern.  The 
spot  numbers  in  Table  II  correspond  to  the  numbered  spots 
in  Fig.  3.  The  large  percent  error  in  distance  (greater  than 
about  1%)  associated  with  spot  numbers  two  and  six  rela¬ 
tive  to  predicted  values  can  be  explained  as  these  spots  are 
actually  double  spots  of  similar  photographic  density  (re¬ 
vealed  by  careful  examination  of  the  negative)  caused  by 
some  defect  in  the  crystal  structure  of  the  iron  sample.  These 
double  spots  are  too  close  together  to  be  measured  as  individ¬ 
ual  spots  when  the  negative  is  imaged  at  suitable  magnifica¬ 
tion  to  include  all  the  remaining  spots  of  interest 

ill.  EQUIPMENT 

The  video  camera  we  use  is  a  model  WV-CD50  manu¬ 
factured  by  Panasonic  Industrial  Company.  This  is  a  CCD- 
type  video  camera  incorporating  a  silicon  detector  contain¬ 
ing  510  light-sensitive  cells  horizontally  and  492 
light-  ensitive  cells  vertically,  The  v  ideo  digitizer  we  use  is  a 
PCVL  'ON  FRAME  GRABBER  manufactured  by  Iinag 
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3.  Electron  diffraction  pattern  of  BCC  iron.  ( [001 

zone  axis. ) 

Table  II  Data  after  processing  of  the  electron  diffraction  pattern  pictures 
in  Fig  3. 


Spot 

number 

hid 

Exp 

Distance 

(cm) 

Predici  %  error  Exp 

Angle 

(deg) 

Predict 

Error 

i 

110 

1.195 

1  195 

00 

00 

0.0 

0.0 

2 

20 0 

1  649 

1  690 

2  43 

45  0 

45.0 

0.0 

3 

MO 

1  202 

1.195 

0.58 

90  3 

900 

0  3 

4 

020 

1.702 

1  690 

071 

134  7 

135  0 

03 

5 

110 

1.201 

1  195 

0  50 

179  7 

1800 

03 

6 

200 

I  658 

1  1  690 

1  89 

225  1 

225  0 

0  1 

7 

iio 

1  203 

1.195 

0.67 

270  1 

270.0 

0  ! 

8 

020 

1.710 

1.690 

118 

315  1 

3150 

0  1 

9 

220 

2.37| 

2  390 

0  79 

359  1 

3bO  0 

0.9 

10 

330 

3.552 

3.586 

0  95 

359  3 

360.0 

0  7 

11 

130 

2  684 

2  673 

0  41 

333  3 

333  4 

0  1 

12 

240 

3  780 

3  780 

00 

341  1 

341  6 

0  5 

13 

220 

2.389 

2.390 

0  04 

270  5 

270  0 

0  5 

14 

130 

2  690 

2  673 

0  64 

296 .7 

296  6 

0  3 

15 

040 

3  418 

3.381 

1.09 

3150 

315  0 

00 

16 

150 

4  330 

4  310 

0  46 

326  2 

326  3 

0  1 

ing  Technology  Incorporated  This  video  digitizer  has  a  spa- 
rial  resolution  of  512  X480  pixels  and  a  dynamic  range  of  8 
bits  per  pixel.  The  spatial  resolution  of  512  x  480  pixels  is 
limited  by  the  RS-170  standard  video  signal  format.  To  in¬ 
crease  the  spatial  resolution  will  require  a  special  high-reso¬ 
lution  video  camera  and  video  digitizer  with  their  corre¬ 
sponding  increase  ir.  cost.  We  felt  that  1%  accuracy  was  a 
reasonable  goal  when  planning  this  system.  The  size  of  the 
diffraction  pattern  on  our  negatives  is  typically  5  X  5  cm  and 
to  make  the  math  simple,  lets  say  5  1 2  X  4.8  cm  If  this  region 
is  sampled  and  digitized  with  a  spatial  resolution  of 
512  X  480  pixels  then  each  pixel  is  0  01  cm  on  its  side,  thus 
the  distance  between  two  diffraction  spots  separated  by  1  cm 


could  be  measured  with  an  accuracy  of  1%.  This  system  can 
take  measurements  containing  an  uncertainty  of  ±  0.0018 
times  the  image  width  with  99%  confidence  or  as  in  the 
above  example:  SAircnr*±  0,001  &=  cm  at  the 

99%  confidence  level  or  about  1%,'Vhe  dynamic  range  is 
actually  7  bits  per  pixel  since  we  use  1  bit  of  the  eight  as  an 
overlay  on  the  diffraction  pattern  image  to  provide  informa¬ 
tion  to  the  operator. A  Zenith  model  158  microcomputer 
serves  as  the  host  for  the  video  digitizer.  The  image  s  umming 
process  used  to  reduce  random  noise  by  averaging  images 
requires  that  the  microcomputer  contair^640  kbytes  of  ran¬ 
dom  access  memory.  The  Zenith  model  158  includes  a  20- 
Mbyte  hard-disk  drive  which  is  very  useful  when  saving  im¬ 
ages  since  a  single  image  will  take  about  256  kbytes  of  disk 
space.  Two  video  monitors  display  information  in  our  sys¬ 
tem.  The  microcomputer  monitor  displays  only  text,  while 
the  second  monitor  is  a  small  monochrome  one  that  displays 
the  image  being  processed.  A  dot-matrix  printer  is  used  to 
print  the  data  and  images  processed. 

The  use.  of  a  film  negative  to  record  the  electron  diffrac¬ 
tion  pattern  imposes  some  contrast  limitatons  on  the  entire 
electron  diffraction  pattern  because  of  the  narrow  exposure 
latitude  of  the  photographic  film.  If  the  video  camera  were 
installed  to  view  the  electron  diffraction  pattern  through  an 
electron-optical  coupler  in  the  electron  microscope,  the  pre¬ 
cision  could  possibly  be  improved  because  of  inc. eased  dy¬ 
namic  range  in  image  intensity  and  because  the  diffraction 
spots  could  each  be  adjusted  for  their  best  sharpness  so  long 
as  the  size  and  orientation  of  the  pattern  does  not  change. 
Alternatively,  some  form  of  an  electron  imaging  device 
could  prove  useful  since  the  electron-optical  coupling  could 
then  be  eliminated.  The  use  of  a  film  negative,  however,  pro¬ 
vides  a  stable  record  of  the  electron  diffraction  pattern  and 
the  opportunity  to  use  film  negatives  from  other  electron 
mircoscopcs. 
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